Transplantation of allogeneic embryonic neural tissue is a potential treatment for patients with Parkinson's and Huntington's diseases. The supply of human donor tissue is limited, and alternatives such as the use of animal (e.g., porcine) donor tissue are currently being evaluated. Before porcine grafts can be used clinically, strategies to prevent neural xenograft rejection must be developed. Knowledge on how human T lymphocytes recognize porcine embryonic neural tissue would facilitate the development of such strategies. To investigate the ability of porcine embryonic brain microvascular endothelial cells (PBMEC) to stimulate human T-cell proliferation, PBMEC were immuno-magnetically isolated and cocultured with purified human CD4 or CD8 single-positive T cells. PBMEC had a cobblestone-like growth pattern and expressed the endothelial cell markers CD31 and CD106. PBMEC stimulated with the supernatant of phytohemagglutinin-activated porcine peripheral blood mononuclear cells or porcine IFN-γ, but not nonstimulated PBMEC, induced proliferation of both CD8 and CD4 T cells as assessed by [ 3 H]thymidine incorporation. Flow cytometric analyses showed that the degree of CD8 and CD4 T cell proliferation correlated with the expression levels of class I and II major histocompatibility complex (MHC) antigens, respectively. PBMEC expressed a CTLA-4/Fc-reactive molecule, most likely CD86, suggesting that these cells are able to deliver a costimulatory signal to the T cells. Human TNF-α, but not human IFN-γ, induced class I, but not class II, MHC expression on PBMEC. Within a neural graft or the regional lymph nodes, PBMEC might stimulate human T cells via the direct pathway, and should therefore be removed from the donor tissue prior to transplantation.
INTRODUCTION
evaluated. Of these, the latter source has come closest to clinical use because small-scale safety trials have already been performed in patients with PD, HD, focal Embryonic neural tissue has been transplanted to patients with Parkinson's disease (PD) and Huntington's epilepsy, or stroke using porcine embryonic brain tissue as donor material (13, 51) . Neural tissue from pig em-disease (HD) (12, 40, 44) . For PD, which is caused by a degeneration of dopaminergic neurons in the substantia bryos can grow anatomically correct connections when transplanted into the striatum of rats, and in immunosup-nigra, there are data to support that intrastriatal transplantation of embryonic nigral tissue improves the par-pressed hemiparkinsonian rats, these grafts can correct the induced behavioral deficits (15, 24, 25, 30) . kinsonian symptoms. This improvement is associated with increased striatal [ 18 F]fluorodopa uptake in PET Even though the brain is an immune privileged organ, intrastriatal xenografts are usually rejected over a period scans (17, 27, 34, 35) , and evidence for long-term (more than a decade) graft survival in the diseased human brain of 3-4 weeks (32, 42, 52) . T lymphocytes are most likely involved in neural xenograft rejection, because: (i) cul-has been presented (45) . However, ethical concerns and scarcity of human donor tissue prevent the clinical use tured porcine embryonic brain cells can induce a proliferative human T-cell response in vitro (8) ; (ii) antibodies of this technique in spite of the encouraging results (3, 12) . Therefore, the use of alternative sources of donor against T cells can abrogate the rejection of intracerebral neural xenografts in rat hosts (39, 58) ; (iii) immunosup-material, such as in vitro differentiated stem cells (21, 55) or xenogeneic tissue (4, 13, 23) , are currently being pressive drugs acting on T cells can improve neural xe-638 SUMITRAN-HOLGERSSON ET AL.
nograft survival in rats (42, 57) ; (iv) masking of major on the phylogenetic disparity between host and donor species (4). Because recognition of porcine xenografts histocompatibility complex (MHC) class I antigens enhances porcine xenograft survival in the rat brain (41) ; is biased towards indirect antigen recognition in rodent recipients, porcine brain microvascular endothelial cells and (v) T cells infiltrate intracerebral neural xenografts in rodent (14,32,57) and human (11) recipients. The (PBMEC) might be highly immunogenic in the pig-tohuman situation, where the relationship between direct involvement of immunoglobulins (31, 54) , complement (1) (Larsson, Sumitran-Holgersson, Korsgren, Holgers-and indirect antigen recognition is more balanced.
In the present study, our aim was to determine whether son, and Widner, manuscript in preparation), natural killer (NK) cells (53) , and NK T cells (29) in neural xeno-PBMEC could induce a human T-cell response via the direct pathway of antigen recognition. Resting PBMEC, graft rejection have also been suggested, as reviewed in Brevig et al. (4) .
as well as PBMEC stimulated with cytokines that might be present in neural grafts due to the surgically induced In histoincompatible transplants, all cell types may give rise to peptides recognized by host T cells via the inflammation, were also tested for their expression of MHC antigens and costimulatory molecules. indirect pathway [i.e., presented on host MHC molecules by host antigen-presenting cells (APC)]. By con-
MATERIALS AND METHODS trast, only donor cells that have MHC antigens and co-
Porcine Endothelial Cell Culture stimulatory molecules on the cell surface, or have the potential to express these molecules once implanted, PAEC isolated from an adult pig were isolated and cultured as described previously (18) . PBMEC were iso-contribute to graft recognition by host T cells via the direct pathway. In the direct pathway of antigen recogni-lated from 26-or 27-day-old pig embryos of the Pigham strain (derived from a cross between Swedish Landrace × tion, host T cells recognize intact MHC molecules with bound peptide on the surface of donor cells. In vitro, Yorkshire sows and Hampshire boars; Nyholms Breeding Farm, Sweden). Pigs were bred and euthanized ac-human endothelial cells (EC) can activate allogeneic memory T cells, but not naive T cells, via the direct cording to local and national animal ethics regulations. The brain tissue was dissected in Hank's balanced salt pathway (46) . This has been explained by: (i) a paucity in expression of CD80 and CD86 costimulatory mole-solution with 0.3 µM lazaroid U-83836E (Upjohn, Kalamazoo, MI, USA) (38) , transferred to cold storage me-cules on human EC, and (ii) a lack of stable adhesion between naive T cells and human EC because of low dium (16) , and shipped to Huddinge Hospital the same day. The tissue was then triturated into a cell suspension expression of integrins and other adhesion receptors on naive T cells (46) . Instead, human EC rely on LFA-3 by several passages through a pipette, seeded in T-75 flasks coated with 0.2% gelatin, and cultured in RPMI-signaling via T cell CD2 for costimulation (46) . Local antigen presentation by EC in allogeneic organ trans-1640 medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin, and 50 µg/ml plants does not seem to occur in the mouse, because cardiac allografts survive indefinitely in mice lacking streptomycin. These primary cultures were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air. secondary lymphoid tissue (28) . It should be emphasized, however, that mouse EC differ fundamentally Expanded cells were incubated on a "rock 'n roller" for 1 h at room temperature with 20 µg (1 mg/ml) of from human EC in that they lack both MHC class II and LFA-3 on their microvascular EC (46) . Resting porcine anti-pig CD31 antibodies (clone LCI-4, mouse IgG1; Serotec, Oxford, England), washed once with PBS, and aortic EC (PAEC) stimulate CD8 T-cell proliferation and, after porcine IFN-γ stimulation of MHC class II incubated with 20 µl of paramagnetic Dynabeads coated with goat anti-mouse antibodies (Dynal, Oslo, Norway) expression, also CD4 T-cell proliferation (37, 49) . In contrast to human EC, porcine aortic EC express the at 4°C for 45 min. Cells positively selected on a magnet were washed three times with PBS and cultured in gela-CD86 costimulatory molecule, which may explain why porcine EC induce a stronger T-cell proliferative re-tin-coated, six-well tissue culture plates (Becton Dickinson Labware, Franklin Lakes, NJ, USA) in MCDB 131 sponse than human EC (36, 37) . When implanted into the striatum of immunocompetent rats, PAEC induce a medium (Life Technologies, Täby, Sweden) containing 10% FBS (Life Technologies), EGM-2 single quots in-strong and rapid response by host macrophages, which is not seen when porcine embryonic nigral tissue is cluding hydrocortisone, hFGF, VEGF, IGF-1, hEGF, ascorbic acid, heparin, and GA-1000 (Cat. No. CC-4176; transplanted to this site (47). Microvascular EC in porcine embryonic brain tissue are therefore better tolerated Clonetics, Walkersville, MD, USA), penicillin (50 U/ml; Sigma), and streptomycin (50 µg/ml; Sigma). On the by rat hosts than PAEC, which might be explained by differences in immunogenicity or their secretion of pro-second day of culturing, the beads had spontaneously detached and were rinsed from the culture using PBS. inflammatory cytokines. However, antigen recognition and effector mechanisms of the immune system depend The cells were allowed to grow to confluence before subculturing. Endothelial cells were characterized by Anti-SLA-DR (clone 1053h2-18-1, mouse IgG 2a ) and FITC-conjugated mouse anti-human CD80 (clone BB1, morphology and flow cytometry (see below). mouse IgM; cross-reactive with porcine CD80) were
Isolation of Human and Porcine Peripheral Blood
from Pharmingen (BD Biosciences, Stockholm, Swe-Mononuclear Cells den). The recombinant human CTLA-4/Fc chimera was Human and porcine peripheral blood mononuclear from R&D Systems (Abingdon, UK). FITC-conjugated cells (PBMC) were isolated from fresh buffy coats obrat anti-mouse IgE heavy chain-specific (clone LO-MEtained from three healthy blood donors, or from heparin-3, rat IgG1; Serotec), FITC-conjugated, affinity-purified ized porcine peripheral blood obtained from the local F(ab′) 2 goat anti-mouse Ig Fcγ fragment-specific (Jackslaughterhouse, respectively. The blood was diluted 1:3 son ImmunoResearch Labs, West Grove, PA, USA), and with PBS, layered on Lymphoprep  (Nycomed Pharmacia, FITC-conjugated, affinity-purified F(ab′) 2 goat anti-human Oslo, Norway), and centrifuged at 200 × g for 20 min
Ig Fcγ fragment-specific (Jackson ImmunoResearch without brake. The mononuclear cell fraction recovered Labs) antibodies were used as secondary reagents. The from the interface was treated with a red blood cell lysing samples were analyzed on a FACSort (Becton Dickinbuffer (0.01 M KHCO 3 with 0.15 M NH 4 Cl and 0.1 M son, Mountain View, CA) equipped with an argon laser EDTA) for 8 min at 37°C. The mononuclear cells were exciting at 488 nm. Data were collected with logarithmic incubated in plastic culture flasks (Becton Dickinson amplification and fluorescence intensity was displayed Labware) overnight to remove adherent cells. Nonadheras arbitrary linear units. Signals from 10,000 events ent cells were collected and counted in a hemocytometer.
were collected. Porcine PBMC were stimulated for 72 h with phytohe-Porcine Endothelial Cell Activation magglutinin (PHA; Murex Diagnostics, Dartford, England), 5 µg/ml. The supernatant was collected after cen-To activate porcine EC, culture supernatant from trifugation, filtered through a 0.22-µm filter, and used PHA-stimulated pig PBMC diluted 1:2 with endothelial for stimulation of EC. Human PBMC were the source cell culture medium was added to PBMEC and PAEC, of CD4 and CD8 T lymphocytes. and the cells were incubated at 37°C for 14 h, then washed with PBS. For cytokine-mediated activation, EC Isolation of Human CD4 and CD8 T Lymphocytes were incubated for 14 h with 40 ng/ml porcine IFN-γ Human CD4 and CD8 T cells were isolated using (R&D Systems), 200 ng/ml human IFN-γ (R&D Sys-Dynabeads coated with anti-CD4 or anti-CD8 monotems), 20 ng/ml human TNF-α (R&D Systems), or a clonal antibodies (Dynal, Oslo, Norway). The procedure mixture (200 ng/ml and 20 ng/ml, respectively) of huwas carried out as suggested by the manufacturer, and man IFN-γ and TNF-α. cells bound to the beads were isolated from the bulk of cells using a magnet. The beads were detached from the Mixed Lymphocyte-Endothelial Cell Cultures positively isolated cells by incubation with the corre-Human CD4 or CD8 T lymphocytes (1.0 × 10 3 cells sponding Detachabead reagent (Dynal). For this pursuspended in 100 µl of complete medium) were distribpose, 20 µl of Detachabead was added to 100 µl of cell uted into triplicate wells of 96-well tissue culture plates supension, and the cells were gently mixed for 60 min (Nunc, Roskilde, Denmark). One hundred microliters of at room temperature. Detached beads were separated complete medium containing 1.0 × 10 3 , γ-irradiated (20 from the cells using the magnet. The resulting CD4 and Gy) PBMEC, PAEC, or allogeneic human PBMC were CD8 cells were washed three times in PBS and counted.
added as stimulators, and the plates were incubated at The purity of the CD4 and CD8 cell populations was 37°C in a humidified atmosphere of 5% CO 2 in air. analyzed by flow cytometry. For each of the three indi-Wells receiving CD4 or CD8 T cells, but not EC, were viduals, the purity of both cell populations was higher used to determine the background proliferation of the T than 98%.
cells Results are expressed as mean values ± SD. The statistical difference between groups was determined by the IgE; Serotec). The mouse mAb specific for a monomorphic swine MHC class I epitope was affinity purified Mann-Whitney U-test. Statistical significance was defined as p < 0.05. from the supernatant of the 2.27.3 (IgG) hybridoma (26) .
RESULTS
IFN-γ-activated PBMEC and PAEC (Fig. 2C, D) . Even nonactivated PAEC induced a low proliferative CD4 and Porcine Embryonic Brain Microvascular
CD8 T-cell response (Fig. 2B, D) . In general, IFN-γ-Endothelial Cells: Morphology and Endothelial stimulated porcine EC induced a weaker proliferative Cell Markers Expressed T-cell response than EC activated with supernatants Porcine embryonic brain microvascular endothelial from PHA-stimulated porcine PBMC. cells exhibited a typical cobblestone-type morphology
The Ability to Induce T-Cell Proliferation Correlates (Fig. 1A) and expressed the endothelial cell markers CD31
to the Expression Levels of MHC Class I and II and CD106 (Fig. 1B) (19) . They were also stained with Antigens as Induced by Porcine IFN-γ an antibody reactive with porcine endothelium (Fig. 1B) .
In two out of six experiments, nonactivated PBMEC Activated Porcine Embryonic Brain Microvascular analyzed in the third passage expressed very low levels Endothelial Cells Induce Proliferation of Purified of class I antigens ( Fig. 3A ) and in four out of six exper-Human T Lymphocytes iments no class I expression was seen (Fig. 4A) . No class II MHC antigens were detected on PBMEC ( (Fig. 3F) . The exproliferative response of human CD4 and CD8 T cells pression of porcine costimulatory molecules CD80 and ( Fig. 2A, C) . Compared with PAEC activated with su-CD86 on PBMEC and PAEC was assessed using an pernatants from PHA-stimulated porcine PBMC ( Fig. anti-human CD80 antibody known to cross react with 2B), PBMEC activated by the same method ( Fig. 2A) porcine CD80 and CTLA-4Fc (36), respectively. No exinduced less proliferation of human CD4 (p < 0.001) pression of CD80 could be detected on PAEC or PBMEC and CD8 (p < 0.001) T cells. Likewise, IFN-γ-activated even after IFN-γ activation (not shown). However, similar PAEC (Fig. 2D ) induced a stronger (p < 0.001) CD4 levels of CD86 (36) were detected on PAEC and PBMEC T-cell proliferation than IFN-γ-activated PBMEC (Fig.  (Fig. 3C, G) . The expression of this molecule was slightly 2C). However, there was no statistically significant difincreased upon IFN-γ stimulation (Fig. 3D, H) . ference in the proliferation of CD8 T cells induced by 
Effect of Human IFN-γ and TNF-α on the Expression IFN-γ, to induce grafted porcine cells, including endothelial cells, to become efficient stimulators of direct huof MHC Antigens and Costimulatory Molecules on Porcine Embryonic Brain Microvascular
man T-cell-mediated immune responses. Nonactivated PBMEC did not express MHC class I and II (Fig. 4A) , Endothelial Cells and expressed CD86, as detected by CTLA-4/Fc, at a low level (Fig. 4E) . Human TNF-α and a combination Upon transplantation into the human brain, grafted cells will encounter human cytokines from surrounding of human TNF-α and IFN-γ gave a slight increase in MHC class I expression, but did not affect MHC class and graft-infiltrating cells at the graft site or from cells in the regional lymph nodes. It is therefore important to II expression ( Fig. 4B, D) . Neither MHC class I nor class II on PBMEC was expressed after stimulation with evaluate the ability of human cytokines, like TNF-α and human IFN-γ alone (Fig. 4C ). CD86 expression was not astrocytes derived from the same cultures express only MHC class I and generate only a weak or no prolifera-upregulated on PBMEC by human TNF-α, IFN-γ, or combinations thereof ( Fig. 4E-H) . Whereas nonacti-tive response of human T cells (5). We have recently developed a method that reduces the immunogenicity of vated PBMEC do not express MHC class I and II molecules, PAEC express MHC class I at high levels and porcine neural tissue (7). This method involves depletion of microglial cells, and results in abolished human class II at intermediary levels in the nonactivated state ( Fig. 4I ). Only minor changes were observed in the CD4 T-cell proliferation in vitro and in improved functional benefit in immunocompetent, hemiparkinsonian MHC antigen expression of PAEC, when these were stimulated with human IFN-γ, human TNF-α, and a rats grafted in the striatum with pretreated nigral tissue from 27-day-old pig embryos (7). Microglial cells were combination of human TNF-α and IFN-α ( Fig. 4I-L) . CD86 expression was not upregulated on PAEC by any removed by pretreating the donor tissue with anti-α-Gal antibodies and complement (7). Pretreated porcine em-of the cytokine treatments ( Fig. 4M-P) .
bryonic nigral tissue gave rise to grafts with a similar DISCUSSION content of dopaminergic neurons as nonpretreated donor tissue, and the pretreatment can therefore be applied to Neural tissue from pig embryos is a potential donor material for cell replacement therapies in PD and HD the donor tissue without damaging the dopaminergic neurons (6). The pretreatment with anti-α-Gal and com-(4). However, neural xenografts are rejected by the host immune system, particularly by host T lymphocytes. To plement most likely removes microvascular EC as well, because these cells express the α-Gal epitope (54). The develop strategies to reduce the immunogenicity of porcine neural xenografts, knowledge on how human T cells present study has shown that porcine embryonic brain microvascular EC-natural constituents of the donor tis-recognize brain cells from pig embryos is needed. Flowsorted microglial cells from primary cultures of dissoci-sue for neural xenotransplantation-can be stimulated to induce human CD4 and CD8 T-cell proliferation via the ated porcine embryonic brain tissue have previously been shown to express MHC class I and II antigens and direct pathway. The indirect pathway of antigen presentation was not involved in the induced T-cell prolifera-potently induce human T cell proliferation, whereas tion, because (i) purified CD4 and CD8 T cells were CD8 T-cell response, whereas PBMEC exposed to the supernatant of PHA-stimulated porcine PBMC or por-used as responders; (ii) only 5 days of coculture was performed (indirect responses are slower than direct re-cine IFN-γ did. T-cell proliferation induced by PBMEC was less than that induced by the same number of PAEC sponses in vitro, and usually develop later than day 5); and (iii) naive PBMEC did not stimulate proliferation of (Fig. 2) , which might be explained by the different levels of MHC class I and II antigens expressed on PBMEC the T cells, which they would have if the indirect pathway was operational in this culture system. Human and PAEC (Fig. 3) . A similar conclusion was drawn by Davis and coworkers, who showed that nonactivated pri-TNF-α, which might be present in neural grafts due to the surgically induced inflammation, can upregulate the mary microvascular EC from the cortex of porcine adult brains could not stimulate human T-cell proliferation in expression of MHC class I expression on porcine embryonic brain microvascular EC. The removal of EC the absence of exogenous mitogen, whereas PAEC could (9, 10, 48) . In addition to the signal delivered by the T-prior to transplantation may therefore reduce the immunogenicity of the donor tissue.
cell receptor, a costimulatory signal must be delivered to the T cell. CD28 on T cells can upon binding to its Naive PBMEC did not induce a proliferative CD4 or counterreceptors CD80 (B7-1) or CD86 (B7-2) on APC to porcine neural xenograft rejection in humans, and whether their removal prior to transplantation is benefi-deliver such a signal, and the CD28-CD86 interaction is operational across the pig-to-man species barrier cial for graft survival. Interestingly, removal of EC does not impede neovascularization of neural cell suspension (9, 36, 56) . In this study, CD80 was not detected on either PBMEC or PAEC, in accordance with previous studies isografts in rats, and grafts derived from cell suspensions depleted of EC develop identically to grafts derived (9, 36) , but a CTLA-4/Fc-reactive molecule, presumably CD86 (36) , was detected on both types of EC. The ex-from cell suspensions containing EC (43) .
In conclusion, we have shown that PBMEC, upon ac-pression of the latter molecule was slightly increased by porcine IFN-γ activation (Fig. 3) . The increased T-cell tivation with porcine IFN-γ, can directly stimulate human CD8 and CD4 T cells, and that the stimulatory abil-proliferation seen after EC stimulation with IFN-γ may thus be caused by the higher level of expression of MHC ity correlates to the expression levels of MHC class I and II antigens, respectively. PBMEC also upregulated class I and II molecules, possibly in combination with the slightly increased expression of a CTLA-4/Fc-reac-a CTLA-4/Fc-reactive molecule, most likely CD86, possibly increasing their ability to stimulate direct T-cell tive molecule (36, 56) . However, other human T-cell costimulatory molecules such as CD2, CD11a/CD18 responses. Furthermore, human TNF-α can induce class I, but not class II, MHC antigens on PBMEC, whereas (LFA-1), and CD154 (CD40L) may contribute to the proliferative T-cell response by binding to their porcine endo-human IFN-α had no effect on the MHC expression of PBMEC. Because PBMEC can be stimulated to induce thelial counterreceptors, CD58 (LFA-3), CD54 (ICAM-1), and CD40, respectively. Of these, porcine EC have been a human T-cell response in vitro, these cells might be involved in the direct recognition of porcine neural shown to costimulate human T cells via CD2 (37,49) and CD11a/CD18 (49). An antibody against human CD154 grafts in human recipients. Removal of these cells from the donor tissue prior to transplantation might, therefore, (CD40L) has been shown to partially block human antiporcine mixed lymphocyte reactions performed with pe-improve neural xenograft survival and function. ripheral blood mononuclear cell fractions (33, 56) . How-ACKNOWLEDGMENTS: This study was supported by the ever, because whole PBMC populations were used as Vascular endothelial cells express a functional CD40 (20) and porcine CD40 has a conserved binding to human REFERENCES CD154 (50) . Porcine endothelial CD40 may therefore also
